The goal of this review article is to provide a description of recent and novel laser-induced breakdown spectroscopy (LIBS) applications and developments, especially those discussed during the NASLIBS Conference, held during SciX in Providence, RI, in September 2015. This topic was selected in view of the numerous recent overall review papers that have successfully given a broad view of the current understanding of laser-material interactions and plasma development and have also discussed the wide landscape of analytical applications of LIBS. This paper is divided into sections that focus on a few of the many applications under development in the LIBS community. We provide a summary of updates to calibrationfree LIBS (CF-LIBS) and associated developments using plasma characteristics to improve quantification in LIBS output, both in a dedicated section and as applications are discussed. We have also described the most recent publications studying the sources, generation, and use of molecular features in LIBS, including those naturally present in the spectra of organic materials, and those induced with the addition of salts to enable the measurement of halogens, not typically present in LIBS signals. In terms of development of applications of LIBS, we focused on the use of LIBS for indirect measurements such as pH and degree of humification in soil and heating value in coal. We also reviewed the extant literature on LIBS analysis of agricultural materials, coal, minerals, and metals. Finally, we discuss the nascent developments of spatially heterodyne spectroscopy, a method that seeks to circumnavigate a serious drawback of most spectrometers -very small optical throughput -through the use of interferometers.
Introduction
Over the course of the last two decades, the laser-induced breakdown spectroscopy (LIBS) community has grown large and international. An example of this growth is the continued occurrence of international LIBS conferences that result in special issues in a variety of peer-reviewed journals. In addition, the robust LIBS community has published many papers, books, and book chapters, and also a large number of well-written reviews. It is this large number of recent reviews which has discouraged us from undertaking a similar task. Instead of writing another full review at this time, it is the purpose of the authors to present a summary table of the most recent and effective reviews and then summarize briefly some of the more tantalizing research performed since the last large, high-impact reviews, those by Hahn and Omenetto. 1, 2 As this topical review is set to open the latest of the conference-produced LIBS special issue, it appropriately focuses on the most fascinating of the work presented at the North American Society for LIBS (NASLIBS) 2015 (held in concert with FACSS and SciX), as well as some of the most compelling studies present in the literature of the last four to five years.
Laser-induced breakdown spectroscopy, as an analytical undertaking, has grown dramatically in the last decade, so much so that fewer global reviews have been undertaken and topical reviews are taking their place. A collection of review publications, both of global and of applicationspecific interest, including the Hahn and Omenetto article, 2 are presented in Table 1 . This list covers LIBS topics including basic phenomenology, measurement methods for a variety of environmental, agricultural, material science, and medical applications.
The remainder of the present review is focused on novel applications, with special emphasis on those that have appeared in the literature since 2012 or so, depending upon when the community from which they emerge was last reviewed. These applications span the range from LIBS in the measurement of indirect quantities, to updates in calibration-free LIBS (CF-LIBS), to soil and plant measurements, to coal and metal alloy sorting. Publications will be collected into sections with headings that describe their contents and a summary will follow.
Calibration-Free Laser-Induced Breakdown Spectroscopy Updates and Developments
The calibration-free (CF) approach in LIBS involves the use of basic plasma physics to model the observed emission and thereby infer the composition of the sample. This alternative to standard matrix-matched laboratory calibration libraries may include a mathematical description of the matrix effects to correct for nonlinearities in calibration curves. Fundamentally, CF-LIBS makes use of a calculation resulting in a plasma temperature and an electron density for a plasma made on a given sample material. Knowledge of emission line parameters allows calculation of the relative concentration of each of the elements present in the plasma, and closure is obtained via the assumption that all elements in the plasma are emitting.
Several assumptions are inherent in CF-LIBS, including a plasma composition representative of the unperturbed sample, a plasma that is in local thermodynamic equilibrium (LTE), a plasma that can be modeled as a spatially homogeneous source and optically thin spectral lines. Lastly, the approach presumes that all elements present in a sample have observable spectral lines. The closer these assumptions are to being applicable, the more useful is the CF method. It is generally recognized that simpler and more homogeneous materials are more amenable to this approach than more complex and heterogeneous ones; metal alloys are fairly well dealt with in this method, less so soils, rocks, and other complex natural materials.
The requirement that all elements in a given material be represented in the spectrum is an especially interesting one. If the undetected element is present in trace quantities, of course, this does not introduce a large relative error. If the undetected element is present in larger quantities, direct application of the closure mathematics will cause an overestimation of the elements that were detected.
The basic structure and use of CF-LIBS, including some methods to solve the issues of the basic assumptions not being met, are documented in Tognoni's latest review article. 6 Since this review paper, several researchers have attempted to solve various problems related to the principal assumptions. Internal references have been used to circumnavigate issues caused by self-absorption (mainly plasma temperature corrections) by Dong et al. 15 Gaudiuso et al have recently documented a related technique called ''inverse CF-LIBS'' which uses the composition of a known target to obtain temperature (instead of starting from the temperature to calculate weight percent), then applied to a set of unknown, but similar, samples to determine their composition. In this work, the inverse method is applied to a series of archaeologically important jewelry and compared with inductively coupled plasma mass spectrometry (ICP-MS) data. 16 Hermann et al. studied the impact of substituting argon for the normal air atmosphere over a LIBS measurement as it applies specifically to CF-LIBS. Their work documents the impact of a heavy, atomic gas Table 1 . Recent LIBS review articles by application.
Lead author LIBS-related review topic Year Reference
Hahn Basic diagnostics and plasma-particle interactions 2010 2 
Burakov
Methods for soil and ecological analysis 2010 3 
Gaudiuso
Environmental, cultural heritage and space applications 2010 4 
Michel
Single-shot LIBS 2010 5 Tognoni Calibration Free LIBS 2010 6 
Singh
Biomedical applications 2011 7 
Hahn
Instrumental and methodological approaches 2012 1 
Kaiser
Biological applications 2012 8 
Santos
Analysis of plant materials 2012 9 
Harmon
Geochemical and environmental analysis 2013 10 El Haddad Good practices 2014 11 
Spizzichino
Archaeometry applications 2014 12 
Rakovský
Development of portable instrumentation 2014 13 
Galbács
Progress in analytical use 2015 14 over lighter N 2 and O 2 , which also have excitable vibrational and rotational energy levels. The net impact is that there is less energy change between plume and ambient gas in the case of the argon, which results in less of a cold plasma periphery, and therefore less of an impact in elemental self-absorption and more overall plasma uniformity. 17 Aragó n and Aguilera introduced a new method based on the curve of growth concept from optical emission spectroscopy, which was first applied to LIBS by Gornushkin et al. 18 Here, instead of relying on the traditional assumptions for CF-LIBS -namely that the plasma is optically thin, homogenous, and in local thermodynamic equilibrium, the new method uses a hybrid model with two different apparent temperatures for neutral and singly ionized atoms. This overcomes one of the main limitations of typical CF methodologies: the assumption of equilibrium between the neutral atoms and the ions. In addition, the so-called Cr approach adjusts for self-absorption, which is one of the main nonlinear effects in plasma calibration, and the approach is amenable to the use of multiple lines for calibration (e.g., in different ranges). Tests of the method with glass beads after calibration with known samples achieved accuracy for Fe, Ca, and Mn in slag samples better than 10% over a range of concentrations. 19, 20 
Laser-Induced Breakdown Spectroscopy and Molecular Features
Molecular features seen in LIBS experiments have been the source of curiosity since their first observation. Although LIBS in general is focused on the collection and analytical use of atomic emission spectra, molecular signals have been used in a wide range of analyses, including explosives detection, identification of polymers, and even the evaluation of motor oil. Over the last few years, new work has elucidated some of the basic phenomenology of these analyses, including the development of a kinetic model demonstrating the reactions that form CN, C 2 , and other bimolecular radicals in both ns-and fs-laser excited plasmas. Additionally, use of inorganic bimolecular species in plasmas (CaCl, CaF) for the determination of Cl and F with LIBS has recently been documented.
Dagdigian et al. have developed a kinetic model to predict evolution of CN and C 2 in LIBS plasmas of organic residues deposited on aluminum foil. 21 The model reproduces the differences typically seen in the literature between the temporal profiles of atomic and molecular emission. Based on previous work modeling LIBS plasmas on Pb targets and also models describing the evolution of C-N-O emissions in plasmas of organic materials, these workers have developed a full chemical and physical kinetic model to describe observed LIBS intensities as a function of time. The model includes electron impact, de-excitation, radiative decay, collisional quenching, collisional ionization, three-body recombination, and chemical reactions of small molecules and molecular ions. The data to be compared to modeled results were collected with a time-resolved LIBS apparatus consisting of a pulsed Nd:YAG operating at the fundamental wavelength at 10 Hz, an Echelle spectrometer, and an intensified charge-coupled device (iCCD) to perform gated data acquisition. Data were collected on adenine and perylene, deposited on aluminum foil. Acquisition gate width was fixed at 100 ns, and delays from 20 ns to 2 ms were employed.
The presence of the Al lines from the substrate enables matching to modeled results through measurement of their Stark broadening, giving electron density and plasma temperature as a function of delay time, which reasonably represents the time-dependent excited-state populations of the light atoms and the electron density. Once the organic materials are introduced to the substrate, the CN and C 2 vibrational manifolds are observed in the LIBS data.
These features have historically been observed to decay more slowly than the atomic emission lines, something well represented in the output of the kinetic model. Experimental results agree well with modeled output with respect to the lifetime and temporal behavior of the CN and C 2 . Perhaps most importantly, the model shows that the oft-cited reaction C 2 þ N 2 ! 2CN is unlikely to be a major CN generating process in LIBS processes. Instead, the model supports C þ N 2 being responsible for increasing CN at longer gate delays, while C þ CO or CN appears to be responsible for the increasing C 2 concentration.
Laserna et al. studied these same features, this time with experiments using fs excitation. 22 The chief benefits behind this approach include the minimal thermal and mechanical damage to the sample and the limited entrainment of atmosphere into the plasma volume. The use of fs pulse also substantially reduces the plasma-laser interaction, minimizing shielding. Because of these features, spectral information regarding the diatomic species can be assigned to molecular structure in the sample because of expected dominance of emission from intermolecular bonds instead of sample-atmosphere reactions.
Urea, terephthalic acid, and anthracene are used as samples in this work, and the formation of NH, CH, and OH monitored with temporally and spatially resolved emission following ablation of pellets of both native and deuterated isotopologues.
Ablation of completely deuterated urea pellets yields vibrational bands from both (0-0) and (1-1) emission for the NH (A 3 p i -X 3 AE -) system, postulated to occur via a slight H contribution from atmospheric water. In ablation of partially deuterated terephthalic acid, both ND and NH are both observed, the ND blue-shifted slightly from the NH location. A variety of possible reaction mechanisms were examined and it was concluded that NH emissions were mainly contributed by native molecular bonds, with some minor contribution ascribed to H and N sources in the atmosphere.
The emission of CH radicals was studied in ablation of terephthalic acid and anthracene. The CH (B 2 AE --X 2 P) is embedded in the CN vibrational manifold near 389 nm. As with the NH/ND pair, the CD radicals produce a blue-shifted emission. Better features for the monitoring of these radicals are CH (C 2 AE --X 2 P), near 314 nm and CH (A 2 D -X 2 P), near 431 nm. Use of the deuterated compounds reveals that much of the CH and CD emission originates in the C 2 þ OH* ! CH* þ CO reaction.
In a similar manner, OH emission (A 2 AE þ -X 2 P) from 305-315 nm was studied from ablation of urea and two main generation mechanisms were identified: H þ O 2 ! OH* þ O and H þ O ! OH*, both indicating that oxygen from air is required as a precursor.
In this work, the use of isotopic substitution suggests insignificant involvement of ambient humidity in the formation of hydrogenated diatomic species in fs plasmas made on samples of three organic materials and their deuterated analogues.
In a more applied study of molecular signals in LIBS, Gaft et al. use signals from CaF and CaCl diatoms created in the laser-induced plasma through addition of Ca salts to improve detection of analytical sensitivity of F and Cl in mineral materials. 23 These species are notoriously difficult to detect with their atomic/ionic emission lines, which are not efficiently excited (high upper energy levels) and additionally suffer from unfavorable transition symmetries.
Data were collected using both single and double pulse LIBS configurations, including a Nd:YAG laser operating with a pulse energy of 10 mJ at the fundamental (1064 nm), a grating spectrometer, and an iCCD detection system. Two-dimensional distributions of Ca atoms and ions, F atoms, and diatomic molecular CaF and CaCl in both single and double pulse modes were collected. The intensities of the diatomic features are higher than those originating in atomic emission of F and Cl. The lifetimes of the emission features are also appreciably different. Ca(II) emission decays with a time constant of 140-150 ns. After a delay of 1.5 ms, Ca(II) features are very weak, and instead Ca(I) neutral features dominate the spectrum. After a delay of 5.0 ms, the Ca(I) feature is nearly gone and vibrational bands are present at regions identified as the B 2 AE -X 2 AE green system (532.1 nm) and the A 2 P -X 2 AE orange system 23 (584.5, 603.1, and 623.6 nm). BaF 2 and MgF 2 samples submitted to LIBS also show molecular bands.
The addition of calcite (CaCO 3 ) to KCl resulted in very similar observations, down to observation of orange (B 2 AE þ -X 2 AE) and red (A 2 P -X 2 AE þ ) vibrational systems. In this case, however, the chlorine atomic line was even less well detected than the fluorine; the weak line Cl(I) line at 837.6 nm visible when pure CaCl 2 (64% Cl) is processed. Using the CaCl molecular bands, it is possible to observe chlorine in 0.4% of CaCl 2 in mixture with CaCO 3 . Other chlorine-containing compounds such as MgCl 2 and SrCl 2 were also examined in the plasma, with the result that the bimolecular vibrational features were observed. These features are shown in Figure 1 .
These observations were extended to the use of more industrial-friendly detection equipment and online analysis of phosphate rocks, where it is used as a tracer for apatite (Ca 5 (PO 4 ) 3 F), instead of direct observation of the P(I) line, near 215 nm which is too far in the ultraviolet (UV) for some online process control systems. Incidentally, CaF vibrational emission has been observed in samples interrogated on Mars by the Mars Science Laboratory rover, Curiosity. 23 Gaft and Nagli have also delved into laser-induced fluorescence (LIF) following the excitation of a LIBS plasma. 24 The LIF in this case is excited with a wavelength tunable beam generated with a laser converted to the wavelength of interest with an optical parametric oscillator (OPO). This laser produced 1 mJ/pulse in the range of 210-280 nm and about 10 mJ/pulse in the range of 410-600 nm (spectral width 5-7 cm À1 , pulse duration 5 ns). This radiation is delivered to the plasma with a variable delay from 1-30 ms between the initiation of the LIBS plasma and the arrival of the OPO pulse.
Laser-induced breakdown spectroscopy-laser-induced fluorescence (LIBS-LIF) experiments were performed on samples of pure metallic Al, a Si wafer, and natural hematite ore (Fe 2 O 3 ) and samples of B, both with the natural isotope distribution and with enriched 11 B. Results on vibrational manifolds of AlO, SiO, and BO are described, both generated with the LIBS event only, and also in LIF after the initiation of the LIBS plasma. The major difference between these two is that the decay time of the vibrational signals is much shorter in the case of LIBS-LIF, in fact the decay time of the features is nearly identical to the pulse width of the OPO used to excite these emissions, while the LIBS-only excitation has a decay time in the tens of microseconds. The authors hypothesize that this very short lifetime is caused by collisional quenching of the molecular excited states in the laser-induced plasma (LIP).
In LIBS-LIF, an excitation wavelength corresponding to a definite energy level leads to the appearance of a strong series of emission bands directly from this energy level, the resonant condition leading to different vibrational level populations than the LIBS excitation event. The authors studied the use of this phenomenon for Si evaluation in hematite rocks. This measurement requires careful documentation of levels of <1% Si in iron ores, not possible in LIBS without subsequent resonant excitation of the SiO in the plasma. BO molecular vibrations excited with LIF are also seen to aid in determining relative amount of 10 B and 11 B in certain samples.
Laser-Induced Breakdown Spectroscopy Used in Challenging Agricultural Measurements
Agriculture is increasingly turning to sophisticated sensors to provide better data, and thus better control of, agricultural processes. While many spectroscopies (particularly near-infrared (NIR)) are commonly employed in agriculture, LIBS applications are just gaining ground. Several notable measurements have recently been made with LIBS, typically drawing on either the minimal sample preparation characteristics of LIBS, or ability of LIBS in low-Z elemental detection.
Silicon measurements in plants using LIBS are described by de Souza et al. 25 These measurements are especially interesting in that more traditional measurement approaches for the determination of Si in environmental matrices are laborious and problematic. Currently accepted methods include neutron activation analysis, gravimetry, and dry ashing with NaCO 3 or treatment with HF followed by spectrophotometry. Digestion methods with HNO 3 , H 2 O 2 , and HF can also be used to prepare samples for silicon analysis by ICP. Because the silicon is tightly bound to the remainder of the matrix and not particularly soluble in acidic media, none of these processing methods are completely effective. Additionally, they are all difficult to perform and error prone.
Laser-induced breakdown spectroscopy is used in this application to acquire data compared against samples analyzed by ICP after alkaline digestion. For presentation to the laser, the samples are ground and pelletized. The pellets were exposed to 50 J/cm 2 with a 750 mm spot size. Twenty-five shots were averaged per measurement. Five elemental emission lines were used to determine measurement characteristics such as sensitivity, selectivity, and signal-to-background ratios. Inter-elemental interferences were not found to be problematic. Using the 212.412 nm emission line, the limit of detection (LOD) was evaluated to be 0.16 g/kg and the 288.158 nm line found to have an LOD of about 0.02 g/kg, appropriate for sugar cane leaves. In this work, no statistically important differences were observed between the LIBS quantitative results and the inductively coupled plasma optical emission spectrometry (ICP-OES) results (Student's t-test, 95% confidence level).
As with de Souza's publication, Devey's vegetation analysis compares results of elemental composition measurements on plants acquired with ICP, following a digestion step, with those obtained on ground and pelletized samples with LIBS. 26 The LIBS data were collected with a 200 mJ/pulse with a 1 ms delay before acquisition with a CCD. A spectral range of 190-950 nm was collected. Eighty shots were accumulated in difference spots on the surface of the pellet, each following a cleaning shot.
Data were in this case pre-processed by first taking a first derivative of the spectrum and then applying a smoothing algorithm (15-point window and third-order polynomial). This was followed by vector normalization and a wavelet smoothing filter. Calibrations were generated using partial least square (PLS) algorithm using selected wavelengths only using the peak with greatest correlation to the elemental concentration. This approach was found to give superior results to using the entire spectrum. The data set was fully cross-validated iteratively. Comparing the results to the levels necessary for detection, these authors determined that a LIBS analysis of pasture plants could be successfully accomplished for Na, K, Mg, Ca, and P. This statement reflects the fact that ICP-OES and LIBS have similarly low error percentages in these elements (4-8% in the case of ICP-OES and 4-13% LIBS). Results for Mn, Fe, and B were also acceptable, although not as good as the set including alkalis and alkali metals. In the case of these elements, agreement between ICP and LIBS was not as good (15% error for Mn in ICP-OES and 45% error in LIBS, and in B, 11% error in the ICP-OES data compared to 20% error in LIBS) or too high in general (error % in Fe was 50% in ICP-OES data and 45% in LIBS). Correlation between ICP and LIBS data on Cu and Zn was not acceptable (high % error), in part because of very low levels in the material under test.
Krug et al. have developed a method to generate blanks for LIBS and ICP measurements of elemental composition of plant material. 27 The technique circumnavigates a general problem of LIBS analysis of solids, the lack of blank material that is matrix matched to the rest of a sample set. In this work, alkalis, alkali metals, and metals were seen to be well removed from ground sugar cane leaves through an extraction involving repeated exposure to 0.2 mol L À1 HNO 3 . Extraction efficiencies for Ca, K, Mg, P, Mn, and Zn were found to be >95%. Elements found in primary silicates (Fe, Al, Cr, and Ti) were not as completely removed from the materials, but the resulting materials were useful to simulate a low concentration standard.
The emission spectrum of the post-extracted leaves retained some Fe lines, but in general were dominated by C(I) (247.856 nm) and the CN UV vibrational manifold (nearby 388 nm). The presence of information close to the detection limit helped to make these limits lower and the graphs of signal intensity versus concentration more linear than when they were not present. The authors propose the use of this strategy to other matrices, keeping in mind that the extraction efficiency is a function of how tightly the elementals are bound to the organic matrix.
Krug et al. have also reviewed approximately a decade of research into the use of LIBS to fresh or dried leaves, roots, fruits, vegetables, and wood. Laser-induced breakdown spectroscopy is an attractive technique in this measurement because of the minimal processing that must be done to the samples prior to analysis. 9 More traditional techniques of determining the elemental composition of solids involve digestion of the material before submission to analysis. Additionally, LIBS is recognized in this publication as a valuable way to avoid the need for high-purity reagents, fume hoods, lab safety requirements, and extremely clean lab ware. Because of the overall lack of toxic materials that must be controlled, LIBS in this situation can be called a green analysis.
The review paper has a table of publications of interest including test sample type, laser used, operational parameters, and whether the analysis was qualitative, a mapping study, or quantitative. The reviewed publications are dominated with Nd:YAG excitation sources and qualitative studies, but there are other lasers present in the list (Ti:sapphire, CO 2 , and other lasers are also represented). Performance of both ns and fs pulse-width lasers has been investigated with the result that the shorter pulse has better spatial resolution and tends to exhibit less collateral thermal damage.
Important relationships between physical and chemical sample characteristics are presented in this review. In particular, particle size distribution of ground samples and standards is discussed at length, and an observation that the higher the cellulose and fiber content of the sample material, the longer grinding time is required to reach maximum emission signal intensities.
Quantitative analysis is typically done either with calibration curve prepared with certified reference materials (CRMs) or with multivariate methods such as PLS and principal component regression (PCR). Multivariate methods are often needed because of the impact of matrix and spectral interferences on the analysis. Calibration-free methods are also discussed.
Kaiser et al. document the use of LIBS to understand transport of metal ions in the leaves of sunflower plants in the context of a phytoremediation scenario. 28 Laser-induced breakdown spectroscopy is advantageous for this particular investigation because of tight spatial resolution and the fact that in sampled regions, material is removed locally and precisely with very little collateral damage to surrounding regions. To understand the uptake and processing of Pb, Mg, and Cu by the plants (in this case, common sunflowers), it is necessary to probe the distribution of the metal in the leaves and stems, which is not possible by more commonly encountered elemental composition analytical methods, like atomic absorption spectroscopy or ICP.
These measurements were accomplished through the use of a translation stage inside the sampling chamber that enabled the material under test to be moved in small, precise steps: 1 Â 1 cm sections of leaves were probed in single-shot analyses after each spot was exposed to a cleaning shot. In this region, 20 shots were acquired in each direction (400 shots total). Using the apparatus described in the text, the authors were able to distinguish vein structure and differential concentration of investigated elements within them and demonstrated the speed of the method and its ability to process relatively large areas with ease.
There has been substantial interest in the application of spectroscopy in food safety, with particular focus on the NIR and mid-infrared regions of the spectrum. Schmidt-Andersen et al. investigated the application of LIBS to the classification of chicken meat. 29 Increasing use of high-pressure mechanical separation yields chicken with tiny bone fragments. Meat without the bone fragments is more valuable and there is a regulated limit for the amount of bone fragment allowed. The authors compared LIBS to ICP-MS, using the calcium 422 nm line normalized by the two potassium lines in the 760-770 nm range as the predictive LIBS measurement variable. They found that while LIBS did not have sufficient accuracy in their preliminary study on fresh samples to meet the E.U. regulations as a measurement method for percent calcium in the samples, it did warrant further investigation as a screening device for meat high in calcium, particularly in light of its high-speed, non-contact measurement capabilities.
Bosque et al. documented a study of LIBS soil analysis using quantitative artificial neural networks (ANNs). 30 In this paper, quantitative results of LIBS on soil are compared using three distinctive data analysis approaches. Data were collected on dried and pelletized soils from mining sites in Southern France, using a hand-held XRF device to select a wide range of concentrations of heavy metals. Samples were split and half were subjected to ICP atomic emission spectroscopy analysis to determine their real metals loading. The LIBS pellets were each analyzed 64 times and the spectra averaged to take into account the large amount of basic heterogeneity in the sample materials.
Initially, the data were analyzed using standard linear calibration curves. This analysis began with the separation of the 64 original spectra into 10 average spectra (6-7 per average). Plotting the ICP analysis against the LIBS, the predictably low R 2 values were obtained and the relative errors of calibration were unacceptably high for all elements of interest. Once it was established that this was not an effective analysis technique, the authors moved to an ANN approach, building a model for each of four elements. The first application of the ANN used the peak intensities of the elements optimized in the linear approach. In the case of aluminum, this simple method yielded insufficient calibration errors, but with calcium, which had many more applicable analytical lines, the relative errors of calibration and prediction were lower than the 20% goal set out by the authors. Copper analysis, with a very sparse number of lines appropriate for use, yielded results similar to that of aluminum.
In view of the failure of single element ANN to give good predictions for aluminum and copper, lines associated with the matrix were then added into the model. Lines associated with Ca, Fe, Ti, and Ba were added, improving the quantitative analysis of copper to acceptable error limits. The addition of the matrix lines also significantly improved analysis of iron.
High Optical Throughput Laser-Induced Breakdown Spectroscopy: Spatial Heterodyne Spectroscopy
Optical throughput in spectrometer systems used for LIBS is recognized as a limiting issue. Typically, this limitation comes about because of the narrow slits necessary for reasonable spectral resolution. This problem is significantly amplified in the case of the application of LIBS to remote measurements. The collection solid angle of remote measurements is low, and often telescopes are used to mitigate this issue. In addition to light collection problems, in remote LIBS there are problems related to the movement of the laser at the surface, which may tend to move the plasma event outside the field of view of the spectrometer.
Interference spectrometers offer a huge advantage in terms of throughput -up to a 200 Â higher than dispersive spectrometers of similar resolution, easing both light collection and movements of the plasma region. Beside high throughput and high resolution, these devices also offer the advantages of mechanical stability and sufficiently wide spectral coverage.
Spatial heterodyne spectroscopy (SHS) was originally developed for low-light astronomical applications and has been recently used for both Raman and IR spectroscopy by Gornushkin et al. 31 It is a modification of a Michelson interferometer with gratings positioned at equal distances from the beam splitter and tilted with respect to the optical axis of the interferometer. The tilt causes back-diffraction (Littrow condition) that defines the center of the spectral range. This wavelength is reflected back along the incident light path and recombines at the beam splitter. In the case of other wavelengths, diffracted light departs the gratings at an angle to the optical axis, crossing the wave fronts and generates an interference pattern.
More recently, Angel's group has developed this idea further into a stand-off platform capable of measurements at distances of up to 20 m with a 1 field of view. 32 This device has 100 mm diffraction gratings and in some cases, a small telescope was used to increase the optical collection efficiency. For this system, the spectral range is about 45 nm on either side of the Littrow wavelength. The detectors used in this work were CCDs, both intensified and unintensified. A variety of different lasers were used to set the Littrow condition for the grating and calibrate the spectrometer. Highlighting the light collection ability of the SHS spectrometers, spectra of hollow-cathode lamps were collected over a distance of 3 m with a collimating lens.
Stand-off LIBS experiments were performed on a variety of metal samples, using an audio microphone to fine tune the focusing. A Fourier transform is performed on the signal interferogram to recover the spectrum. At this sample distance, the collection solid angle is 0.2 mSR. Lines for Mg, Mn, Ca, and Cu are clear in the 515-522 nm region of the LIBS spectrum. Use of the telescope enhances collected intensities by about a factor of eight. A diagram of the SHS and some of the output is shown in Figure 2 .
Use of the SHS solves problems inherent to many standoff LIBS systems, those of very low optical throughput and the movement of the laser on the sample, which can throw the light of the spark outside the field of view of the instrument.
Indirect Measurement of Properties with Laser-Induced Breakdown Spectroscopy
Due to the amount of information contained in spectra, LIBS measurements are not limited to elemental measurements. A growing body of literature has shown the utility of LIBS to indirectly measure quantities of interest, either using molecular emission or using multivariate learning methods to train the measurement. Previous work (not reviewed here) has highlighted measurement of liquid viscosity, and ash, moisture, and heating value analysis of coal, among many examples. Here we cover a few recent examples of note.
One of the novel recent applications was the use of LIBS to measure the moisture content in cheese, using oxygen emission normalized by CN emission as the indicator. 33 Liu and et al. first optimized the laser energy to minimize influence of oxygen in the air on the measurement. Then they used oxygen emission normalized by CN emission as the indicator of moisture content in cheese. Using the measurement of moisture by mass loss as a calibration, the oxygen measurement worked well as a quantitative moisture measurement. Figures of merit include an R 2 value of 0.99 and error on the order of 5% moisture over the range 0.5-45%, based on standard deviation of ten independent measurements. The authors note that at low laser pulse energies the plasma is not robust enough to vaporize all of the sample and at higher pulse energies the oxygen signal is not linear with the plasma energy, due to greater influence of the oxygen from the air plasma. They found that working in an intermediate pulse energy range of 4-8 mJ/pulse provided a linear response between laser pulse energy and sample oxygen content. They do note that oxygen is contained in the protein and fat in cheese, but less so than hydrogen. This drove the selection of the oxygen emission over the hydrogen emission as the parameter with which to quantify moisture.
Determination of soil pH is important in agricultural circles because soil acid-base equilibria govern a wide variety of physical, chemical, and biological properties of soil. pH impacts everything from bioavailability of plant nutrients to activity of microorganisms, yet measurement of it is difficult and slow. Typically, a slurry is made from the soil sample and water or a dilute solution of CaCl 2 , depending upon soil type. The slurry is submitted to a potentiometric test with an ion-selective electrode. The described LIBS measurement by Ferreira et al. is a direct measurement technique that does not require this degree of sample handling. 34 The LIBS measurement requires sample grinding to 60-120 mm size particles and the preparation of a pelletized sample. Following this preparation, LIBS data were taken on the samples with an Nd:YAG operating on the second harmonic, using an iCCD detector. Two shots were taken per location. In particular, the atomic features for Al, Ca, H, and O were used to establish a soil pH. The carbon line at 247.856 nm was not utilized, due to an unresolved Fe interference. Data at the peaks and wings of features associated with these elements were included in a PLS model made with a heterogeneous set of characterized samples. Five latent variables were used to describe the variability in the data, resulting in the best model (R ¼ 0.8661). Using this model, the pH values of the characterized soils were reproduced well, with a mean absolute error of 0.3 pH units. It will be interesting to see this approach applied to a wider variety of soil types and conditions, to determine the boundaries of applicability.
Establishment of the humification (transformation of detritus to humus) of soil organic matter (SOM) is important to understanding the relative permanence of carbon storage in the soil. This is in turn interesting following certain soil management practices that encourage atmospheric carbon incorporation, contributing to global warming mitigation.
Traditional measurement of the degree of humification is a complicated and lengthy laboratory procedure, which identifies only humic substances, and therefore cannot facilitate estimation of the stability of SOM. The degree of humification is better measured with an emission fluorescence technique excited at 405 nm, which monitors the integrated area of the fluorescence curve, related to aromaticity in the sample.
Ferreira et al. propose LIBS as an alternative to both these methods to determine the degree of humification of SOM. 35 Pre-processing of the soil involved hand-grinding it to <0.15 mm. This material was then pelletized and submitted to both LIF and LIBS analyses. Laser-induced fluorescence measurements were nondestructive and yielded the fluorescence spectrum between 420 and 800 nm. The resulting measurements were compared with LIBS measurements on the same pellets. These were collected from 188-980 nm with 1.2 Â 10 3 J/cm 2 of Nd:YAG radiation at 1064 nm. Collected spectra were normalized and offset. Outliers were then statistically removed. The calibration model consisted of correlating the ratio of signal intensity of C (I) at 193.03 nm and Al (I) 193.58 nm with carbon reference values from a CHNS analysis.
The LIBS estimation of the humification degree was determined by first obtaining a value equivalent to the fluorescence area through a model using only correlated emission features (linear, exponential, and quadratic relationships). Ten wavelengths were used to build a LIBS signal versus LIF signal k-nearest neighbor (k-NN) model (Pearson's coefficient ¼ 0.87). Humification degree is obtained by normalizing the model output to the total carbon measured to be in the sample with CHNS analysis. The LIBS estimate was shown to be correlated with the more traditional LIF measurement with an R 2 of 0.94.
Laser-Induced Breakdown Spectroscopy Used in Minerals and Metal Analysis
Laser-induced breakdown spectroscopy is a particularly exciting approach for analysis in high-throughput materials processes, as systems have been deployed to measurements quickly, in excess of 50 Hz, in industrial settings, with little or no sample preparation. Thus, substantial work has been undertaken on rapid analysis of metals, alloys, and minerals during processing.
In their recent paper using LIBS to determine composition of mineral ore, Pořízka et al. compared a global calibration for multiple elements in mineral ores with calibration after separation of the ore samples into particular subtypes. 36 A principal component analysis (PCA) and a Gaussian clustering algorithm on the first three principal component axes (covering more than 97% of the total variance) were used to discriminate sample types. Due to the matrix-dependence of LIBS calibrations, the calibrations performed on the sub-types were much improved; for example, the bias on copper measurements diminished by a factor of three when calibrations were performed using sub-types. The calibration curves obtained from this method had an R 2 value of approximately 0.95 for copper, versus complete scatter in the data when the pre-calibration typing was not performed. This hybrid calibration scheme is similar to the PCA-ANN scheme discussed elsewhere in this review.
One of the more compelling applications for LIBS is the application to online or real-time sensing of metals and metal alloys. The stand-off capability of LIBS and its ability to make good analytical plasmas on conductive material are both strengths of this application. Here we profile a number of interesting recent papers in this area, some having to do with instrumentation (e.g., fiber delivery of pulses, double pulse) and some having to do with analysis methods and multivariate statistics. Overall, evidence is that this area of LIBS research is growing quite quickly.
Zeng et al. completed a comparative study of detection of Mn and Ti in pig iron using fiber optic (FO) delivered pulses versus a standard LIBS system, both using 532 nm excitation. 37 They found that the plasmas from FO-LIBS were uniform, thinner, and plate-shaped, and they produced shallower craters than those from traditional LIBS systems. These characteristics may be useful for examining films using depth profiling or examination of the quality of a coating. Further, measuring the characteristics of the plasmas in comparison to the standard LIBS plasmas, the FO-LIBS pulses (fluence 3.1 J/cm 2 ) were cooler and had a lower electron density than the standard LIBS pulses (fluence 25.5 J/cm 2 ). The interesting thing about this work was that because of the different shape of the plasma, there is much less optical absorption along the emission collection direction, leading to greater linearity in the calibration curves. The root mean square error of cross-validation (RMSECV) was lower for FO-LIBS than for conventional LIBS, likely due to this reason. However, overall limits of detection for FO-LIBS were about ten times worse than those for conventional LIBS. This suggests that this setup should be favored for situations in which ultimate detection limits are not an issue, but in which shallow ablation craters and higher accuracy would be of benefit.
An interesting publication by Fabienne Boué-Bigne investigates the inspection of steel for oxide inclusions using LIBS, and shows that when properly calibrated, a 6-min LIBS analysis is able to provide the same quality of information about the composition and distribution of inclusions in steel that is typically provided by a 1-h-long SEM analysis. 38 The problem is that micron-sized inclusions can cause defects in steel, but their likely effects (and their sources) can be only discovered through analysis of their distribution and composition. To accomplish the analysis, traditional SEM analysis was matched to a scanning LIBS measurement to build a training data set. Various types of clusters, including silica and alumina of various compositions, were identified by spectra. Principal component analysis was used to reduce the dimensionality of the system and a discriminant function was trained. The trained function was tested on unknown samples and post-validated with an SEM-EDX. The results illustrated that LIBS could be used to identify multi-element oxide inclusions with shared oxide components that were much smaller than the LIBS spot. Almost 94% of the inclusions identified by LIBS were matched into one of four categories with 90% or more certainty by the discriminant function, which provides high-enough quality data to qualify the steel quality during production. The benefit of using LIBS over SEM is a 10 Â improvement in time of analysis, from 60 min down to 6 min.
Merk et al. developed an online aluminum scrap sorter based on the 2007 concept of Mueller et al., 39 in which they used a fast electron multiplying charge-coupled device (EMCCD) coupled to an Echelle spectrometer to get fast (25 Hz) double-pulse spectra of metal scrap pieces for online sorting. 40 The double-pulses allowed a cleaning and an analytical pulse. A mechanical chopper was used for timing and to gate out the Bremsstrahlung emission. Their sample set consisted of scrap metal, nine different samples with a single main element (e.g., Ag, Al, Cr, Cu, etc.) and one secondary alloy (brass). At least 100 samples were available for most classes to train the algorithm and validate the results. They trained the system with both PCA and partial least squares discriminant analysis (PLS-DA) algorithms and experimented with a variety of pre-processing methods. Overall, they found that the unsupervised PCA classification only had moderately good results, but that the PLS-DA was able to rapidly classify the scrap with most alloys correct more than 80% of the time, with most of the scrap streams sorted with around 90% purity. One issue was that the conveyor was made of iron-based metal, and so ''miss'' spectra that hit the conveyor would classify as iron. There was also confusion between brass, copper, and silver. The highresolution, wide range spectra obtained allowed classification of a wide-range of base metals and alloys. The confusion matrix showing classification of scrap by base metal, using double-pulse LIBS with a PLS-DA algorithm is shown in Figure 3 .
One common difficulty in LIBS-based classification problems is the most appropriate method of dimensionality reduction prior to the classification step. Typically, using an entire spectrum, which can be thousands of points, yields much worse performance than classification using a subset of the data. In a 2015 paper by Kong et al., four categories of steels (carbon steels, low alloy steels, high alloy steels, and stainless steels, 27 samples in all) were classified with a combination of PCA and ANNs. 41 Spectra were reduced in dimension using PCA, and then principal components explaining 95% or more of the variation in the spectra were used as the inputs of the threelayer back-propagating ANNs. To investigate the method further, spectra were initially evaluated by PCA in three different ways: (1) full spectra (57 144 points); (2) the 345 strongest peaks; and (3) the intensive spectral range between 296.3 and 306.93 nm (1471 points). The full-spectrum PCA performed worst, because of the substantial amount of noise in the overall spectrum. The strongest peaks performed better than the full-spectrum PCA, but not as well as the intensive spectral range. This result is attributed to the fact that the spectral range had numerous peaks, but also important background information that is lost when only the peaks are considered. The classification accuracy using a small intensive range of the spectrum for the PCA-ANN analysis was found to be 100% once the region of the spectrum was optimized. This novel approach to classification highlights the importance of background information and noise rejection in PCA analysis, two components of information that are typically overlooked in favor of peak information.
Vors et al. explored the robustness of a soft independent modeling of class analogy (SIMCA) model for classification of alloys including stainless steels (3), other steels (4), inconels (3), Monel, and two other alloys. 42 Initially, the SIMCA model was built with a full factorial design to optimize the model and provide resistance to model degradation with changes in the LIBS system over time. Factors included in the model design included the selection of input variables, pre-processing method, the distance definition, and the classification threshold. The metric by which the factors were optimized was the average prediction sample rate. Calibration samples were tested and predictions made both initially and after seven to eight months of instrumental aging, with the initial measurements completed in 2011 and 2012.
Two and a half years later, in 2014, additional tests with the same instrument were made on three test samples with the initially optimized model. Twenty-five blind spectra were taken on three of the initial 13 samples. Significantly, average spectra predicted each of the test samples perfectly, and the majority of individual spectra for the three test samples were also predicted correctly. This approach emphasizing calibration robustness over time highlights the importance of instrumental factors, but the authors note that additional variables could also be specifically controlled for in the factorial design, such as energy or optical fluctuations.
Random forest (RF) classification and quantification is another relatively recent algorithm to be applied to LIBS data. Wu et al. used visible lines of S (545.3 nm) and P (602.4 nm) in conjunction with a RF regression to quantify sulfur and phosphorous in a set of nine steel standard samples. 43 An echelle spectrometer with a spectral resolution of 6000 (/D) was used to collect high-resolution spectra. Laser pulse energy and emission collection delay time were optimized for each of the lines using a detector gate width of 1.5 ms, and the spectral range input into the RF algorithm was varied to optimize the R 2 and root mean square error of calibration. The RF regression was compared with PLS regression to predict S and P content in steel. These results are shown in Figure 4 . Based on these results, further investigation of the long-term stability of the RF calibration methods seem warranted.
Coal Laser-Induced Breakdown Spectroscopy Analysis
Coal has been a ''hot topic'' in LIBS research for some time. The broad elemental coverage and stand-off capabilities of LIBS are assets, but equally important is the ability to derive material properties directly from LIBS spectra with the help of multivariate analysis. Examples of this include heating value and ash content of coal, which can be predicted directly from spectra using chemometric methods. The large amount of material to be analyzed in a typical coal mining or plant situation also favors the rapid analysis that LIBS provides, which is a big benefit over periodic grab sampling and lengthy lab testing, when assessing quality or properties of coal for blending or firing applications. Related by the method of sampling, there has also been an interesting recent paper on detection of contaminated soils that is included below.
As an example of the practical problems of coal analysis, a recent paper by Zhe Wang's group investigated the impact 44 of moisture on the LIBS analysis. 44 Coal is often analyzed in ''as received'' form, which can include a wide range of moisture concentrations. It is important to understand the requirement for drying the coal before analysis, if there is one. To this end, ground coal samples with low ($1.2%) and high ($22.2%) moisture concentrations were pressed into pellets and the resulting emission spectra measured. Interestingly, the measured, time-resolved (100 ns) plasma temperature and electron density were nearly identical in the two cases. Images and measurements showed much lower plasma luminosity and faster emission decay in the high-moisture samples. For nearly all elements measured except for the water-soluble Na and K, higher sample moisture was correlated with decreased emission intensity. It was hypothesized that a substantial portion of the ablation energy is used in evaporating the water in the highmoisture sample, resulting in less overall material ablation and a fringe around the outside of the plasma with high effective moisture content. The signal variation increased and the total signal for most elements decreased with increasing moisture. Given the high variability in moisture in as-received coal samples, this suggests that calibration efforts for coal analysis in the field should include an allowance for the effects of moisture on the sample.
Directly related to the investigation of the influence of moisture on coal LIBS measurements, a recent paper by Kim et al. explored the use of LIBS as a rapid screening tool for oil-and heavy metal-contaminated soils. 45 Like the coal analysis, soils were pressed into pellets with various levels of moisture and two different grain sizes, 2 mm and 75 microns. Increasing moisture decreased the signal levels of all of the emission lines measured, while lower grain sizes had higher LIBS emission lines and smaller standard deviation of measurement, which was attributed to higher ablated mass and more homogenous surface on the pellets. This is in clear correlation with the measurement of the effect of moisture on measurements of powdered coal in pressed samples. Principal component analysis could clearly identify the oil-and metal-contaminated soils from clean soil, and a PLS-DA model correctly classified nearly all (99.1%) of the 560 soil samples correctly.
Two recent continuation improvements that have been suggested for coal analysis, based on previous work, are important to mention here. First, Wang's group has shown that, similar to Guo's group's finding in steel samples, plasma confinement can improve LIBS performance on pressed pellets of pulverized coal samples. 46 In Li et al., they showed a significant improvement on root mean square error of prediction (RMSEP) as well as other statistical measures of prediction, when utilizing a cylindrical cavity to confine a LIBS plasma for the prediction of carbon in coal. 47 Another improvement was in the area of spectral standardization. Previously, Gaft et al. had suggested spectral standardization using the 247.8 nm carbon line for coal measurements with LIBS. 48 In Yao et al., this was shown to have a positive effect on the prediction of a suite of inorganic elements, over un-standardized spectra, using linear multivariate regression models. 49 The authors improved on this by using a carbon emission from various ranges of the spectrum, corresponding to different channels on their broadband spectrometer, thereby minimizing the influence of differing spectral response for various channels of the CCD and also correcting for differences in collection efficiency in different channels. They used the atomic carbon line at 247.86 nm, the CN band head at 388.34 nm, and the C 2 band head at 516.32 nm to normalize emission in various portions of the spectrum. This improved the calibrations, in some cases substantially, both in R 2 and in RSD of repeated measurements.
Two papers investigated the advantage of measurement of carbon in coal using a UV laser instead of the typical 1064 nm laser source. Li et al. showed that the 266 nm wavelength was an improvement over the 1064 nm wavelength for measurement of carbon. 47 For a data set including 18 bituminous coal samples, the average RSD of the 247 nm carbon line in a particular series of measurements was 10.81% using 1064 nm irradiation, but only 5.62% with 266 nm excitation. This carried over into better performance of PLS models predicting carbon as well. The authors attribute this finding to better sample coupling, improving ablation, and less plasma shielding during ablation. A few months later in the same journal, Wang's group also published the results of additional testing with the 266-nm wavelength for the measurement of carbon. 50 
Extensions and Applications of Laser-Induced Breakdown Spectroscopy
There has been discussion in the community about the possible benefits and uses of a single instrument capable of both Raman and LIBS. Hahn's group built a single optical setup performing fiber-coupled LIBS and Raman using a 532-nm laser with a homogenized beam was found to perform well for a combination of LIBS and Raman, including depth profiling on multiple materials and CF-LIBS on metallic samples. 51 Raman was demonstrated for polymer identification. Depth profiling (parameterized by shot number only) was demonstrated on a polymer-coated metal. It was noted that a pulsed laser may be too intense for Raman on materials with a low ablation threshold (e.g., metals), while with relatively low pulse energies CF-LIBS can only be performed on metals. The spectroscopic community has often pointed to the combination of LIBS and Raman as having high potential due to the combination of stand-off, elemental information, and molecular information. This investigation by Glaus and Hahn points to both the plusses and minuses of performing LIBS with a single-pulsed YAG laser. The authors recommend further investigation with a DPSS laser for field applications.
One of the vexing problems with stand-off LIBS applications is that the variable lens-to-sample distance prevents accurate quantification of samples. For the ChemCam LIBS instrument on Mars, Mezzacappa et al. from the ChemCam team proposed a novel normalization method that seems to work well for the Martian conditions: use the first few laser shots in a typical burst of 30 shots to normalize the subsequent spectra. 52 Nearly everything on Mars is covered by a layer of dust that is relatively uniform in composition. Using the first few spectra in this way allows a partial distance correction for lines that have consistent behavior when distance to the sample varies. It was found that a number of major elements could be corrected between 12% and 40%, for targets with spectra obtained at different distances. It remains to be seen whether a similar method could be generalized-perhaps using atmospheric N 2 emission-for other situations in which standoff distance changes.
Summary
The variety of applications and depth of inquiry in the papers highlighted in this update are quite impressive. Investigation of plasma processes and development of myriad calibration strategies is improving the quality of the results available from LIBS analysis. This drives applications, as improving results from fielded systems bring LIBS into relevance as a solution for more and more problems. This relevance completes the virtuous circle, as more researchers and practitioners are drawn to LIBS as a solution for analytical problems. This necessarily increases the diversity of thought and thereby increases the quality, as well as quantity, of LIBS solutions. Thirty years ago most spectra were still taken with scanning monochromators, 20 years ago Nd:YAG lasers were still mainly laboratory instruments, and ten years ago the LIBS community was witnessing the first mainstream introduction of chemometric methods. It is exciting to think where we will be five, ten, and 20 years from now. The authors would like to thank the LIBS community for providing a vibrant, multidisciplinary, and welcoming home for scientific and engineering inquiry for both of us for many years -viva LIBS!
